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Response of the Timeless Protein to Light
Correlates with Behavioral Entrainment and Suggests
a Nonvisual Pathway for Circadian Photoreception
light has been investigated in several organisms, and in
every case examined, the response consists of a change
in levels of a clock component. In Neurospora, levels of
the frq transcript are induced by light, and in Drosophila,
light decreases the levels of the timeless protein (TIM)
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Philadelphia, Pennsylvania 19104 (Crosthwaite et al., 1995; Hunter-Ensor et al., 1996; Lee
et al., 1996; Myers et al., 1996; Zeng et al., 1996). Even
in mammals for whom a feedback loop has not yet been
described, levels of the mPer1 and, with a little delay,Summary
those of the mPer2 transcript, are induced by light (Al-
brecht et al., 1997; Shearman et al., 1997; ShigeyoshiThe period (per) and timeless (tim) genes are required
for circadian behavioral rhythms in Drosophila. The et al., 1997). However, the mechanisms that transduce
light to the clock are not yet understood.current model for how these rhythms entrain to light
is based upon the light induced decrease in timeless In Drosophila, as in mammals, the eyes contain an
autonomous oscillator that is thought to mediate an eye-protein (TIM) levels. We show here that the TIM re-
sponse to light correlates with the effect of light on specific function (Cheng and Hardin, 1998). However,
they appear to be generally dispensable for the genera-the behavioral rhythm. To identify components of the
entrainment pathway, we also assayed the TIM re- tion of behavioral rhythms, as well as for their entrain-
ment to light±dark cycles (Wheeler et al., 1993); thus,sponse in flies with mutant visual systems. Flies that
lacked eyes displayed a normal response in lateral the existence of extraretinal photoreceptors is generally
speculated. There are data, nonetheless, indicating de-neurons. The TIM response to a light pulse was at-
tenuated in flies that were mutant for the transient fects in behavioral rhythms in at least one mutant that
lacks eyes (Helfrich, 1986). As to whether or not thereceptor potential (trp) and trp-like (trpl) genes, which
are required for calcium conductance in the visual visual transduction pathway is involved in circadianpho-
toreception, this is a major unanswered question. Intransduction cascade. The reduced TIM response was
accompanied by a reduced phase shift in the behav- Drosophila, visual transduction involves the sequential
activation of a rhodopsin molecule, a heterotrimeric Gioral rhythm, but neither response was completely
eliminated, and the trpl;trp flies entrain to light±dark protein, and then a phospholipase C, which leads to the
opening of ion channels and results in a light-activatedcycles, suggesting that these genes perturb some as-
pect of circadian entrainment when mutated but are conductance composed mostly of calcium ions (Scott
et al., 1997). norpA flies that contain a mutation in thenot essential for it. The TIM response was also unaf-
fected in ninaE flies that lack the rhodopsin protein eye-specific phospholipase C and are vision blind dis-
play circadian rhythms that are 1 hr shorter than wild-(rh1). These results support the hypothesis that circa-
dian entrainment does not rely on the visual system type but otherwise entrain normally to light±dark cycles
(Dushay et al., 1989; Wheeler et al., 1993).and likely involves a dedicated pathway for photore-
ception. The acute response of TIM to light allowed us to use
this as an assay to dissect the role of visual system
Introduction components in circadian entrainment. We show here for
the first time that the TIM response to light correlates
The molecular basis of circadian rhythms has been best with the entrainment of behavioral rhythms. We also show
characterized in Drosophila melanogaster and Neuro- that molecular and behavioral responses are attenuated
spora crassa. In both organisms, a feedback loop com- in flies mutant for the transient receptor potential (trp)
prised of products of clock genes (per and tim in the and trp-like (trpl) genes, which are required for calcium
case of Drosophila and frq in the case of Neurospora) conductance in the visual transduction cascade (Nie-
is thought to constitute the heart of the circadian pace- mayer et al., 1996; Reuss et al., 1997; Xu et al., 1997).
maker (Dunlap et al., 1995; Sehgal et al., 1996). This However, neither response is eliminated in these mu-
pacemaker presumably keeps time and confers circa- tants, although they have drastic effects on vision, sug-
dian regulation upon many different physiological func- gesting that the mutant genes are not essential for cir-
tions through one or more output pathways. cadian entrainment. Analysis of other mutants also
The other important aspect of a circadian system is supported the existence of novel mechanisms for circa-
an input pathway that connects the central clock to the dian photoreception.
environment and allows it to entrain to external stimuli.
The predominant entraining cue is light, with all circa-
Resultsdian rhythms being synchronized to the day±night cycle.
The manner in which the ªmolecular clockº responds to
TIM Response to Light Correlates
with Behavioral Entrainment
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Figure 1. Response of TIM and Behavioral
Rhythms to Different Doses of Light
Populations of wild-type flies were exposed
to different doses of light at ZT20 by varying
either the intensity or the duration of the light
pulse.
(A) For the Western blot assays, flies were
collected 1 hr after the initiation of the pulse
and head extracts were prepared, run on 6%
SDS-PAGE gels, and probed with an anti-TIM
antibody. The membranes were stripped and
reprobed with an anti±N-cadherin antibody
(shown) and also stained with amido black
(data not shown) to ensure equivalent loading
and Western transfer. timo flies were used as
controls, since they lack full length TIM pro-
tein. The intensity and duration of the light
pulse are noted for each condition. The bar
graph below the Western blot indicates the
amount of TIM degraded, as assayed by den-
sitometric scanning, through each treatment
in at least three independent experiments.
The error bars denote the SEM. A 1 min pulse
of 25 lux elicited a significant decrease in TIM
levels, as compared with the control (Stu-
dent's t test, p 5 0.001).
(B) For activity assays, pulsed and unpulsed
flies were monitored in constant darkness for
z1 week, and the phase of each population
was determined as described in Experimental
Procedures and in Figure 4. Each bar repre-
sents the average phase of a light-pulsed
population, relative to the average phase of
the unpulsed population, which is taken to
be zero. Thus, the Y axis essentially indicates
the phase shift. The error bars denote the
SEM, as calculated from the angular devia-
tion, for the phase of each population. We
also used the Rayleigh test (Batschelet, 1981)
to confirm that all populations were signifi-
cantly synchronized (p , 0.001). Pulses were
delivered exactly as in (A). Each pulse was
tested twice in independent experiments (in-
dicated by #1 and #2), and the number of flies
tested in each case is indicated above the
bars. We used the Watson-Williams test (Batschelet, 1981) to determine the statistical significance of the phase shift. The minimum pulse
that gave a significant shift was 50 lux in #1 (p , 0.01), although the second time it was tested, it did not shift significantly (see #2). The
second trial of the 2800 lux 3 0.5 pulse also gave a somewhat reduced shift. The wild-type strain used here is the yellow white (yw) strain,
which we use routinely in the laboratory as the background for immunofluorescence assays (see Figure 6) and for transgenic studies (Ousley
et al., 1998).
circadian clock. However, the dose of light required for phase that is locked into a specific reference point (i.e.,
the lights-off signal), and the pulse is delivered shortlyTIM degradation was not determined or correlated in
any way with behavioral entrainment. To address this thereafter, facilitating the detection of differences in the
pulsed population.issue, we treated flies with varying doses of light and
assayed their effect upon TIM levels through Western As shown in Figure 1A, levels of TIM in homogenates
from adult heads were unaffected by a 1 min pulse ofblot analysis and upon overt rhythms through locomotor
activity assays. For activity assays, flies were pulsed in 10 lux, delivered at zeitgeber time (ZT) 20 (ZT0, lights
on, and ZT12, lights off), but they were reduced by a 25the dark phase of the last light±dark cycle, and phases
of pulsed and unpulsed flies were compared during the lux pulse of equal duration. Increasing doses of light
led to greater degradation, and the response saturatedsubsequent activity monitoring in constant darkness.
This is similar to the Type II PRC described by Aschoff rapidly thereafter (Figure 1A). The behavioral rhythm ad-
vanced slightly with a 1 min pulse of 25 lux at ZT20, but(1965), and we found it to be a more reliable assay for
phase shifts than a comparison of the same population this advance was not statistically significant (Figure 1B).
A 1 min pulse of 50 lux produced a significant shift ofbefore and after the light pulse under free-running condi-
tions (constant darkness). In the latter protocol, period 35 min in one experiment, although the shift was not
significant in another, indicating that this dose is closedifferences between individual flies can alter the timing
of the pulse relative to each fly's endogenous cycle. In to the threshold for shifting behavioral rhythms. A pulse
of 100 lux resulted in an z1.5 hr advance in the phasethe protocol used here, each population starts with a
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of activity rhythms in both experiments (p , 0.001). The
behavioral response at ZT20 saturated with a 5 min
pulse of 200 lux, which is approximately the point at
which the TIM response saturates (Figure 1B). Thus,
these experiments indicated a rough correlation be-
tween the TIM response to light and behavioral resetting
(see also Discussion). More importantly, the behavioral
response was not more sensitive to light than the TIM
response.
We also examined the behavioral response at ZT21
to varying doses of light. These data were in general
agreement with those obtained at ZT20, although the
shifts were of lower magnitude, and higher doses of light
were required for saturation (data not shown), which is
perhaps indicative of differences in the clock's sensitiv-
ity to light at these two time points. It should be pointed
out that the dosage sensitivity to light reported here
applies to this particular strain of flies (see Figure 1,
legend). There was some variability in different genetic
backgrounds, but the correlationbetween the molecular
and behavioral responses was generally maintained
(data not shown).
TIM Responds to Light in the Lateral
Neurons of Flies that Lack Eyes
In Drosophila, the clock that controls circadian rhythms
is known to be located in the lateral neurons of the
central brain. TIM levels are reduced in these neurons
in response to light, although with a delay, as compared
with the response in photoreceptor cells (Hunter-Ensor
et al., 1996; Myers et al., 1996). Since flies that lack eyes
can, in general, entrain to light±dark cycles, one would
expect that the lateral neurons in these mutants can still
perceive light. However, an acute effect of light was
never assayed in eyeless flies, leaving open the possibil-
Figure 2. Flies that Lack Eyes Respond to Light in Molecular andity that they might be impaired in this more sensitive
Behavioral Assaystest of a circadian light response. To determine whether
(A) soD flies were exposed to a 1 min light pulse of z2800 lux at ZT21external photoreceptor cells are required for nonpara-
and collected 90 min later.Sections of adult heads weresubjected tometric entrainment (entrainment to discrete pulses), we
immunofluorescence assays, using antibodies specific for TIM and
assayed the TIM response in the lateral neurons of sine for pigment dispersing hormone (PDH), which is expressed specifi-
oculisD (soD) flies that lack eyes (Helfrich, 1986). cally in lateral neurons. TIM staining with FITC is shown on the left,
As lateral neurons account for a very small part of the and PDH staining with Cy3 is shown on the right. The unpulsed
control is indicated at the top. The position of lateral neurons istotal TIM signal in the adult fly head, we used immunoflu-
indicated with an arrow.orescence assays, rather than Western blots, to assay
(B) Wild-type (yw) and soD flies were treated with a light pulse atsoD flies. Flies were exposed to a 1 min light pulse of
ZT21, and then their activity was monitored in constant darkness,
2800 lux at ZT21 and were collected 90 min later. Lateral as described in Figure 1. Statistical analysis was carried out as
neurons were localized by costaining sections with anti- described previously (Batschelet, 1981; Sehgal et al., 1992). Each
bodies to pigment-dispersing hormone (PDH), as pre- clock diagram depicts data obtained from a population of flies, with
each dot representing the phase (median activity offset) of a singleviously described (Hunter-Ensor et al., 1996). Figure 2
fly. The direction of the arrow inside the circle indicates the averageshows that light eliminates TIM expression in the lateral
phase of the population, and the length of the arrow is a measureneurons of soD mutants, suggesting that acute circadian
of the synchrony (in the perfect case, the arrow is equal to the
responses to light are maintained in eyeless flies. A radius). All populations were significantly synchronized according
similar TIM response was noted in wild-type flies in this to the Rayleigh test (p , 0.001 for all populations). The Watson-
experiment (data not shown). Williams test indicated a significant phase shift (p , 0.001) for wild-
type and soD populations. Although the magnitude of the shift wasThe response of the circadian clock to light varies at
slightly higher for the soD flies, this difference was not statisticallydifferent times of the night. A pulse in the second half of
significant.the night (e.g., ZT21) advances the phase of the rhythm,
while a pulse in the early part of the night delays it. In
wild-type flies, TIM is degraded by light at both time portion of the cycle, since TIM levels are lower at this
time, and therefore not easily detectableby immunofluo-points. The soD data indicated that the TIM response in
the advance zone does not require eyes. It was difficult rescence. However, we assayed behavioral rhythms in
response to a 1 min light pulse of 2800 lux at ZT21, asto measure the TIM response in soD flies in the delay
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well as at ZT15 and ZT20. The soD flies displayed weaker
rhythms, making it more difficult to assign phase, but
thepopulation was statisticallysynchronized (see Figure
2 legend) and reset with the same magnitude as the
control flies at all three time points (Figure 2B and data
not shown). We don't have an explanation for the weaker
rhythms other than the fact that this is an anatomical
mutant that may well affect other aspects of the circa-
dian system, or even the locomotor system. Similar data
were obtained with the so1 mutant, which lacks both
eyes and ocelli (data not shown). While we cannot ex-
clude the possibility that the eyes play a role when they
are present, these data show that other photoreceptive
cells are capable of mediating circadian responses to
light.
TIM Response to a Pulse of Light Is
Attenuated in trp Mutants
Our data presented in Figure 2 supported the idea that
circadian photoreception can occur through extraocular
cells. To address the question of whether the transduc-
tion mechanisms are similar to those used in the visual
system, we assayed the TIM response to light in visual
transduction mutants. In the transient receptor poten-
tialcm (trpcm) mutant, we noticed that the TIM response
to light was normal in photoreceptor cells but was re-
duced in lateral neurons, such that it was eliminated in
some lateral neurons but persisted in others (Figure 3A).
The trp gene is required for a light-activated conduc-
tance in the visual transduction cascade. Together with
the product of the trpl gene, it mediates calcium con-
ductance in photoreceptor cells. We obtained double
mutants that lack both trp and trpl gene products
(trpl302;trpP343) and assayed the TIM response in photore-
ceptor cells and lateral neurons. In the double mutants,
the TIM response to a 1 min pulse of 2800 lux was
reduced in both cell types (Figure 3B). A 10 min light
pulse elicited an increased response in the double mu-
tant, but it was still weaker than that seen in wild-type
flies, such that staining in photoreceptor cells and lateral
neurons was still visible in the mutants after the light
treatment (data not shown).
Our immunofluorescence assays focus on the nuclear
expression of TIM, especially in the photoreceptor cells.
To determine whether the phenotype of trpl;trp flies
reflected reduced degradation in TIM levels in response
to light, or perhaps a defect in subcellular distribution
following light treatment (it is conceivable that TIM is
transported to the cytoplasm before it is degraded), we
carried out Western blot assays. With a 1 min light pulse
of 2800 lux at ZT20, TIM levels showed a slight decrease
in trpl;trp flies (Figure 4). The average reduction, based
on multiple experiments, was z20%, and in some exper-
iments we saw no decrease at all. However, a 10 minFigure 3. TIM Response to Light Is Attenuated in trp Mutants
pulse of the same intensity elicited an z40% decreaseThe indicated genotypes were subjected to immunofluorescence
assays 90 min after a 1 min light pulse. The light pulse was of 2800
lux intensity and was delivered either at ZT19.5 (A) or at ZT21 (B).
However, in both genotypes, similar results were obtained at both
strain used here, is cinnabar brown (cn bw). The trpcm mutant is intime points; i.e., in the trpcm mutant, the response was reduced in
lateral neurons, and in the trpl;trp double mutant, it was reduced in a brown scarlet (bw st) background. yw fliesgave the same response
as cn bw and were perhaps even a little more light sensitive (seeboth photoreceptor cells and lateral neurons. Note that these assays
are best done in a background that lacks screening pigment in the Figure 5, legend). As in Figure 2, all sections were costained with
an antibody to PDH (right). The lateral neurons are indicated witheye, as the pigment is a source of background fluorescence. The
background for the trpl;trp mutants, as well as for the wild-type an arrow.
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Figure 4. Effect of Light on Levels of TIM in
trpl;trp Flies
The Western blot shown here was carried out
exactly as described in Figure 1 and in Experi-
mental Procedures. It shows TIM levels in
wild-type (yw) and trpl;trp flies after 1 min and
10 min light pulses of 2800 lux at ZT20. Data
from five independent experiments were
quantitated as described in Figure 1. The re-
sults of the Student's t test, indicating the
significance of the differencebetween the wild-
type and the trpl;trp response, are shown.
in TIM levels, as compared with a 60% decrease pro- saturating light pulse (5 min of 200 lux) and then sub-
jected them to immunofluorescence assays. This pulseduced by a 1 min pulse in wild-type flies (Figure 4). Note
that in wild-type flies, the response saturated with a 1 was sufficient to eliminate TIM expression in the nuclei
of photoreceptors R1±R6 (Figure 6), suggesting that themin light pulse.
circadian clock sensitivity to light is not modulated by
rh1, even in the photoreceptor cells. The TIM responseBehavioral Rhythms of trp Mutants Show Reduced
Resetting in Response to a Pulse of Light was also unaffected in the norpA mutant (data not
shown).Our dose response studies indicate that the TIM re-
sponse to light correlates with behavioral entrainment.
To determine whether the attenuated TIM response in Discussion
the trp mutants was accompanied by a reduction in
behavioral resetting, we measured the phase shift in- Based on the rapid response of the TIM protein to light,
it was proposed that this event mediated the resettingduced in these flies by a phase-delaying pulse in the
early part of the night and a phase-advancing pulse in of the circadian clock to light (Hunter-Ensor et al., 1996;
Lee et al., 1996; Myers et al., 1996; Zeng et al., 1996).the second half. Both pulses shifted the phase of the
behavioral rhythm, but the magnitude of the shift was However, experiments correlating theTIM response with
behavioral resetting had not been carried out. Here, wesignificantly less than that produced in wild-type flies
(Figure 5). Thus, these experiments also demonstrated show that the TIM response to light is at least as sensi-
tive as the behavioral response, and, in general, the twothat the TIM response correlates with the phase shift in
the behavioral rhythm, supporting the hypothesis that correlate. In addition, a mutant background that reduces
the TIM response, particularly in lateral neurons, alsoTIM mediates the behavioral response to light.
reduces the magnitude of the phase shift in delay and
advance regions of the circadian cycle. Finally, our dataThe ninaE Mutant of the Visual Transduction Cascade
Shows a Normal TIM Response to Light are indicative of a novel pathway that mediatescircadian
photoreception, since the TIM response and behavioralThe circadian phenotype of the trp mutants prompted
us to test other components of the visual transduction resetting in various mutant backgrounds fail to parallel
defects in visual transduction.pathway for a possible role in circadian entrainment. The
photoreceptor cells (R1±R6) that we usually visualize in The dose response studies indicate that the TIM re-
sponse to light is possibly more sensitive than the be-our immunofluorescence assays perceive light through
a rhodopsin protein (rh1) that is lacking in the ninaEora havioral response, at least in the advance zone of the
phase response curve (PRC). However, it is importantmutant (Washburn and O'Tousa, 1989). To determine
whether the TIM response in these cells is mediated to note that the Western blot assayrepresents TIM levels
in the entire head, and most of the signal comes fromby the visual system, we treated ninaEora flies with a
Neuron
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Figure 6. TIM Response to Light Is Normal in Photoreceptor Cells
of ninaE Flies
Wild-type (yw) and ninaE flies were exposed to a 5 min light pulse
of 200 lux at ZT19.5 and then subjected to immunofluorescence
assays 90 min after the initiation of the pulse.
We used pulses of light, as opposed to light±dark
cycles, to look for circadian phenotypes in the visual
system mutants, assuming that this (i.e., nonparametric
entrainment) would be a more sensitive assay. To further
sensitize the assay and facilitate the detection of subtle
mutant phenotypes, we also greatly reduced the length
of the light pulse, as compared with the pulses used
previously to study the TIM response. These measures
were clearly effective, as demonstrated by the pheno-
type of the trp mutants. Under free-running conditions,
after entrainment to light±dark cycles, these flies display
an altered phase, but they are synchronized (see Figure
5). In addition, TIM cycles roughly in phase with the
Figure 5. Behavioral Resetting Is Reduced in trpl;trp Mutants light±dark cycle, such that expression is undetectable
Wild-type (yw) and mutant flies were exposed to a 1 min light pulse in the middle of the day both in photoreceptor cells and
of 2800 lux at either ZT15 (A) or ZT21 (B). As in Figure 1, this pulse
lateral neurons (data not shown). Thus, we hypothesizewas delivered in the dark period of the last light±dark cycle, and
that primarily the acute response to light is impaired.different populations were compared after z1 week of activity moni-
This defect was noted with two independent alleles oftoring in constant darkness. Phases were analyzed as described in
Figures 1 and 2. All populations were significantly synchronized (see the trp--locus trpcm, which reduced the response in lat-
length of arrow in each circle), but the trpl;trp flies did not reset as eral neurons alone, and the trpl302;trpP343 double mutant,
much as the wild-type controls. However, the shift observed in which showed reduced response in photoreceptor cells
trpl;trp flies was statistically significant for both delay (p , 0.025)
as well. We did not detect any circadian phenotype ofand advance (p , 0.001) pulses, as calculated using the Watson-
the trp702 allele, which is perhaps a weaker mutation ofWilliams test. cn bw flies reset slightly less than yw, but the magni-
the trp gene (data not shown). However, the behavioraltude of the phase shift was still twice as much as that seen for
trpl;trp mutants (data not shown). Note also that the phase of un- resetting defect in trpcm was rescued by a trp transgene
pulsed trpl;trp flies is delayed with respect to wild type. This could (Montell et al., 1985), indicating that the defect maps to
reflect somewhat altered entrainment to the light±dark cycle, or trp (data not shown).
perhaps just strain differences.
The phenotype of the trp mutants underscores the
correlation between the TIM response and behavioral
entrainment. While these data might suggest a role forthe photoreceptor cells, which may be more light sensi-
tive than the lateral neurons and yet are clearly dispens- trp in circadian entrainment, we believe that this is prob-
ably not the case. Other mutants of the visual transduc-able for behavioral rhythms. We routinely use immuno-
fluorescence assays to visualize TIM in lateral neurons, tion cascade, such as ninaE and norpA, do not affect
either the TIM response or behavioral entrainment (Fig-but the nonquantitative nature of this assay did not per-
mit a dose response analysis in these cells. Regardless ure 6 and data not shown). It is conceivable that trp,
but not any of the other visual components, participatesof the precise cell type characterized, though, the sensi-
tivity of the TIM response is probably not an issue in in the circadian system, but if it were critical for entrain-
ment, then one would expect a more severe phenotypedebating its role in circadian entrainment. As mentioned
earlier, we did notice some variability in the TIM re- than that observed here. The trpl302;trpP343 double mu-
tants used in this study, as well as those that carry thesponse in different genetic backgrounds, but only in the
trp mutants was it strikingly different (further discussed trpcm allele with the same trpl allele, are vision blind and
display no light-activated current (Reuss et al., 1997;below).
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Scott et al., 1997), and yet their circadian phenotype is largely, if not exclusively, by the retina (Johnson et al.,
1988), the relevant cell type within the retina has notsubtle. In addition, glass mutants that lack all photore-
ceptors and do not express any detectable trp protein been identified. Analysis of retinal degenerate (rd/rd)
mice suggests that cells important for vision in the retinadisplay a normal TIM response in lateral neurons with
a 1 min light pulse of 2800 lux (data not shown). Assum- may not be required for circadian entrainment (Foster
et al., 1991), leaving open the possibility that circadianing that trp functions only in known photoreceptive tis-
sues and is not expressed at low (undetectable) levels entrainment in all systems uses a novel photoreceptor.
in other parts of the head, the following possibilities are
Experimental Proceduressuggested by this result: (1) when the eyes are present,
they exert a dominant effect on the entrainment of circa-
Stocksdian rhythms, but their elimination results in the exclu-
These were generously provided by the following investigators: trpcm
sive use of a redundant (or compensating) photore- by Bill Pak, trpl302;trpP343 by Charles Zuker, and ninaEora by Bill Pak
ceptive structure, or (2) a trp deficiency in cells that and John O'Tousa.
normally express it interferes with calcium homeostasis
Locomotor Activity and Phase Resetting Assaysin the head, perhaps by affecting extracellular calcium
Flies, aged 1±10 days, were entrained to a light±dark (12:12) cycleconcentration, but an absence of these cells altogether
for 3 days at 258C and then exposed to a light pulse in the darkdoes not affect circadian entrainment. Based on avail-
phase of the last light±dark cycle. Varying doses of light were deliv-
able data, we cannot distinguish between these two ered, either by changing the duration of the pulse or by increasing
possibilities, but given that extracellular calcium con- the distance from the light source, and thereby altering the intensity.
The intensity was measured with a LI-250 light meter (LI-COR, Lin-centrations are usually quite high, it is unlikely that the
coln, NE) placed in the same location as the flies. Activity wastrp mutations would act outside the cells that express
monitored for 7 days in constant darkness using the Trikineticsthem. However, either possibility would indicate that
system. Actogram and periodogram analyses were performed ascalcium regulation plays a role in the entrainment of
previously described (Sehgal et al., 1992). The phase of each fly
Drosophila circadian rhythms. Calcium hasalready been was defined as the median time of activity offset during the 7 day
shown to be important in the entrainment of circadian monitoring period. Degree of synchrony and strength of phasing
within populations were calculated as described (Batschelet, 1981;rhythms in other systems (Geusz and Block, 1994; Zatz
Sehgal et al., 1992). Statistical significance of differences betweenand Heath, 1995; Johnson et al., 1995).
mean phases of populations was determined by the Watson-Wil-Similar conclusions regarding the role of the visual
liams test (Batschelet, 1981).system in regulating TIM disappearance and behavioral
entrainment have been made by Suri et al. (1998 [this Western Blot
issue of Neuron]). If it is the case that the eyes and Flies were entrained to light±dark cycles and pulsed with light as
described above for the phase resetting experiments. They werecomponents of the visual transduction cascade are dis-
then collected on dry ice. Heads were isolated and homogenizedpensable, then the question arises as to how circadian
in lysis buffer (150 mM NaCl, 50 mM Tris-HCl [pH 7.6], 10 mMentrainment occurs. We know that second messenger
EDTA, 0.2% Triton X-100, 10 mM dithiothreitol [DTT], and proteasesystems can modulate photic input in many systems,
inhibitors) with a pellet pestle motor (Kontes). SDS was added to a
including Drosophila (Levine et al., 1994; Gillette, 1996), final concentration of 1%, followed by additional homogenization.
but the pathways in which they function have yet to be The homogenate was spun twice at 48C and 14,000 rpm for 10 min.
The total protein concentration in the supernatent was determineddefined. The existence of independent, light-sensitive
by the Bio-Rad DC protein assay. An aliquot of 50±100 mg totaloscillators in many parts of the fly body (Giebultowicz
protein was loaded in each lane on a 6% SDS-polyacrylamide geland Hege, 1997; Plautz et al., 1997) supports the idea
electrophoresis (PAGE) gel, which was transferred to nitrocelluloseof a photic entrainment system that is disconnected
membrane. Subsequent steps were done according to the instruc-
from the visual system. Currently, the best candidate for tions of the manufacturer for the enhanced chemiluminescence
a photoreceptor in such a system would be a molecule (ECL) detection system (Amersham Life Science). TIM expression
was detected with a 1:500 dilution of a rat anti-TIM antibody (Hunter-analogous to the blue light photoreceptors, CRY1 and
Ensor et al., 1996). The specific bands were quantitated with a 300ACRY2, identified in plants (Ahmad and Cashmore, 1993;
computing densitometer (Molecular Dynamics, Sunnyvale, CA). ToGuo et al., 1998).
monitor the gel loading and transfer quality, the Western blot mem-While a Drosophila equivalent has yet to be identified,
branes were stained with amido black (Schaffner and Weissman,
mammalian genes similar to CRY1 are thought to func- 1973) and also stripped and reprobed with a 1:20 dilution of rat
tion as photoreceptors and areexpressed inmany differ- anti±N-cadherin antibody, generously provided by Tadashi Uemura
ent parts of the body (Hsu et al., 1996), as are the recently (Iwai et al., 1997). The Student's t test was used for statistical an-
aylsis.identified mammalian clock genes (King et al., 1997; Sun
et al., 1997; Tei et al., 1997). It is tempting, although
Immunofluorescence Assayperhaps somewhat heretical, to speculate that mam-
Flies were collected on ice and immediately embedded in OCT
mals contain localized clocks with their own photore- mounting medium. Sections (12 mm) were cut on a Leica cryostat
ceptors, analogous to the situation found in Drosophila. and dried for at least 15 min, then fixed in cold 4% paraformaldehyde
CRY1 is particularly viable as a photoreceptor for these in phosphate buffered saline (PBS) (pH 7.4) for 10±15 min. After
washing with PBS, they were incubated in blocking buffer (3% nor-autonomous clocks in light of the fact that blue light
mal goat serum, 1% bovine serum albumin [BSA], 0.2% Triton X-100,is known to be most effective in entraining circadian
0.004% sodium azide in PBS[pH 7.4]) at 48C overnight. The followingrhythms, as measured for the eclosion rhythm in D.
day, the sections were incubated with both primary antibodies (rat
pseudoobscura (Frank and Zimmerman, 1969). It is also anti-TIM, 1:200; and rabbit antipyruvate dehydrogenase (PDH),
conceivable that the ªbrainº clock in mammals utilizes 1:100,000) at room temperature for 2 hr, followed by three 10 min
a nonvisual pathway for entrainment. Although photic washes with PBS (0.2% Triton X-100 was added in experiment
shown in Figure 6) and then incubated with secondary antibodiesinput to the suprachiasmatic nucleus (SCN) is mediated
Neuron
222
(FITC-conjugated anti-rat antibody, 1:200; and Cy3-conjugated anti- hCRY1 and hCRY2 are flavoproteins. Biochemistry 35, 13871±
13877.rabbit antibody, 1:1,000; Jackson ImmunoResearch Labs, West
Grove, PA) at room temperature for 30±60 min. Followed by another Hunter-Ensor, M., Ousley, A., and Sehgal, A. (1996). Regulation of
wash, slides were mounted in mount medium (Vector Lab, Burl- the Drosophila protein timeless suggests a mechanism for resetting
ingame, CA) and analyzed with a Leica Polyvar microscope. All the circadian clock by light. Cell 84, 677±686.
photographs were taken at 2503 or 4003 magnifications. Iwai, Y., Usui, T., Hirano, S., Steward, R., Takeichi, M., and Uemura,
T. (1997). Axon patterning requires DN-cadherin, a novel neuronal
Acknowledgments adhesion receptor in the Drosophila embryonic CNS. Neuron 19,
77±89.
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